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Abstract 

Revolution in satellite miniaturisation brings down the satellite size and weight which requires smaller launcher. Cost effectiveness, 
robustness in design, handy fabrication and faster integration are highly demanded for the launcher. A small satellite launcher was 
proposed to launch 500kg class of satellites. Liquid upper stage was required for the launcher control and orbit maneuvering. 
Conceptual design approach was followed to design the launcher upper stage to meet the structural, control, propulsion etc. 
requirements. Various conceptual designs were conceived, and best suitable design was selected with the help of trade off analysis. 
A unique upper stage configuration was successfully brought out using the system engineering approach. This unique configuration 
allows the total stage to be prepared as independent modules viz propulsion module, structure, avionics package deck, control 
thrusters module and ISP module, which could save the stage preparation time. Selected design was further taken to preliminary 
structural assessment to verify the design adequacy. Preliminary analysis was done with metallic sandwich as well as Carbon Fiber 
Reinforced Plastic (CFRP) materials, no appreciable gain in frequency and mass advantage with CFRP, however the cost is one 
order higher for CFRP. This concept design would be very useful for the current as well as upcoming launchers. 


Index Terms—Velocity Trimming module (VTM), system engineering, conceptual system engineering, trade-off analysis, V-model, trade- 


off analysis, preliminary design. 


I. INTRODUCTION 


With the current trend of miniaturisation and due to the use 
of new age materials in space industry, the payloads 
on-board satellites are getting smarter, smaller and lighter. 
This reduces a fully functional remote sensing satellite to less 
than 200Kg mass, whereas, a typical slender rocket without 
any boosters carries about 1000Kg payload to low earth 
orbits. Hence, many small satellites are stacked together on 
special payload adaptors to utilise the full capacity of 
rockets. This results in queuing of satellites for a proper 
combination to launch in a particular launcher. Hence, 
development of small and low-cost carrier to space is 
inevitable to meet the market demands just in time. 
Essentially, an intermediate class of satellite launch vehicle 
with about 500Kg payload capacity is required to meet the 
rising demands. The vehicle shall also be of low cost, shall 
have less assembly time and shall consist of commercially 
produced systems. When a precise injection is expected, such 
a launch vehicle will require a Vernier stage as the final stage 
to have precise injection. This stage is conceptualised for 
modular integration and shall serve as an optional stage 
known as Velocity Trimming Module(VTM). 


This module has to accommodate bipropellant system 
tankages, various thruster combinations, avionics package 
deck packages and satellites interface without any external 
projections. 


Usually, vehicle upper stages are configured as an inner 
branch, which is attached to the outer skin using truss 


members. Truss configuration provides mass advantages; 
however, it affects the structural dynamics behaviour. 
Further, this configuration is quite complicated in the view 
of fabrication and assembly. Load diffusion is essential, 
because of discrete point load transfer, which makes the 
supporting structure heavy and bulky. Discrete point support 
makes the structure less stiff which ends with the low 
frequency of the structure. 

In the development phase of any system, which consists of a 
variety of indifferent systems for various types of 
functioning, application of system engineering concepts is 
appropriate. In this paper, System engineering approach is 
applied to conceptual design of VTM is described. System 
engineering approach is also required for the preliminary 
analysis of various systems, before finalizing the 
configuration. In addition, the unique, new and out of the box 
configuration of the VTM was analysed and results are 
presented. 


II. LITERATURE REVIEW 


‘ 


INCOSE and ISO define system engineering as “... an 
integrated set of elements, subsystems, or assemblies that 
accomplish a defined objective. These elements include 
products (hardware, software, firmware), processes, people, 
information, techniques, facilities, services, and other 
support elements” [2]. System engineering is a set of 
processes involved in systems life cycle from concept to 
systems inflight performances [5]. Initially Forsberg et al. 
(2005) suggested the Vee model which involved the 
decomposition of architecture, integration, verification and 
validation [3]. Further, Neudorff, Randall et al. (2003) 


developed the Forsberg et. al. (2005) model and decomposes 
in sub-categories to have better understanding as well as 
adaptability of the model. 
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Figure 1: Neudorff, Randall et al. (2003) VEE model with decomposed 
sub-categories [5] 


Left half of the V model proposed by Neudorff, Randall et 
al. (2003) in figure-1, could be remodelled based on 
aerospace industry requirement and summarised by 
Mohammad H Sadraey in figure-2 [1]. BN Suresh et al. had 
clearly mentioned that the optimum vehicle design called for 
the mission definitions, requirement analysis, subsystem 
definitions, concept analyses and definition and design [6]. 
Among all, conceptual design is directing the path forward 
to design, develop and test the system [1]. Conceptual design 
leads the system responsive to full fill all the customer 
requirements and failure would be loss of money as well as 
precious time. Considering above points, a conceptual 
system engineering approach for the velocity trimming 
module was brought out in this paper. 
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Figure 2: Relationship among major design activities proposed by 
Mohammad H Sadraey [1] 


III. CONCEPTUAL SYSTEM DESIGN REQUIREMENTS OF 
VIM 


Conceptual system design approach for the VTM 
configuration is synthesised in figure-2 based on Mohammad 
et al. conceptual design process [1]. WTM configuration 
design has been carried forward based on this approach. In 
system engineering approach, all the requirements of various 
agencies should be clearly defined. The requirements were 
accumulated from mission definitions, structural stiffness 
requirements, propulsive system configurations, control 
system point of view, assembly & integration and modularity 
concepts. A brief description of requirements in the present 
study follows. 


i) Compactness requirement 
System compactness was one of the requirements to be 
handle while designing. If it was not met, it would have led 
to higher length of the vehicle. 


ji) Stiffness requirement 

Stiffness of the VIM was considered to be the most 
important requirement to be met. VIM must carry most 
sensitive satellite, avionics package deck and _ inertial 
sensors. Even, minor deflection to the stage would send 
wrong signal to control system through sensors. This could 
be catastrophic to the mission. 


iii) Mass requirement 

Being the upper stage, the payload penalty is 1:1 i.e. increase 
in the mass of stage will reduce the payload mass by equal 
amount. Stiffness and mass are contradictory to each other, 
hence called for higher specific weight materials to be used 
for the stage fabrication. 


iv) Interface Requirement 

Since the VTM is the upper most unit of a launch vehicle, it 
should play the role of interface structure between the 
payload fairing and the upper most booster stage. External 
projections should be avoided in aerodynamics stability 
point of view. Further, it must accommodate the satellites, 
avionics package deck and propulsion modules. 


v) Propulsion System Requirement 

Module should have provision to accommodate propellant 
tanks, thrusters, feedlines etc. Thrusters are used for 
pitch/yaw/roll control and also used for axial velocity 
correction. Hence the positions of thrusters adhere to the 
needs of control. 


vi) Avionics package deck(APD) and Electrical 
Requirement 

APD is the brain of launch vehicle, which houses all the 

electronic packages and executes commands, whenever 

demanded. APD should be appropriately positioned in such 

a way that heat dissipation and electrical harnessing issues 

are addressed well in advance. 


vii) Control system Requirement 

Centre of Gravity(cg) is the primary factor in control system 
design. Since the propellant is depleted, the cg varies and 
hence the control arm. Conceptual design should be able to 
maintain an optimum control arm throughout the VTM flight 
regime. 


viii) Structural dynamic requirements 

VTM natural frequency should be well away from the natural 
frequency of the satellite to avoid resonance. Commonly the 
first lateral bending mode of satellites is typically 10-15Hz 
and the stage must be designed to be well above this 
frequency. 


ix) Assembly and integration requirements 

Parallel module preparation would be the best way to 
minimize the assembly and integration time. Sub-assemblies 
moduling should be done to work in parallel and avoid 
waiting time to complete one activity. 


X) Design for fabrication 

Design should be simple enough which could be easily 
fabricated with minimum engineering tooling, least wastage, 
least time and cost. 


IV. TECHNICAL PERFORMANCE MEASURES 


Various technical performance parameters would be 
measured during operation. Among all, engine thrust 
parameters, control force parameters, cg and moment of 
inertia(MI), stage body rates, APD performance parameters 
and structural parameters would be closely monitored during 
performance of the stage. 


V. CONCEPTUAL DESIGN DEVELOPMENT 


Broadly, VTM assembly can be divided into five sub- 
assemblies, which can be independently fabricated and 
assembled without any overlapping of individual activities. 
Sub-assembly-1: Structure which comprises a fairing 
support (FS) ring, vertical ribs and central cylinder. Satellites 
will be mounted using mission specific interface. Sub- 
assembly-2: Thrust block, which is designed to 
accommodate radial, axial and tangential thruster and can be 
mounted on the FS ring. Cut outs would be required for the 
exhaust gases to escape. Sub-assembly-3: Propulsion Deck 
which is the mounting plate along with propellant tankages 
and axial thrusters. Sub-assembly-4: ISP electronic packages 
2nos. are mounted on deck plate. Sub-assembly-5: Avionics 
package deck, which is a deck plate mounted with electronic 
packages. Figure-3, clearly shows the all the sub-assemblies. 
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Figure 3: VIM sub-assembly modules, sub-assembly 1: structural 
members and assembly sequence, sub-assembly 2: thrust block assembly 


with 5ON thruster, sub-assembly 3: propulsion deck with 10ON thruster, 4: 
inertial system package & 5: avionics package deck. 


i) Conceptual Design-1 

This configuration was derived with four vertical ribs which 
were attached with FS ring and central cylinder. Both the 
tanks along with 100N thrusters were proposed to be 
assembled within central cylinder. Control thrusters(SON) 


with one radial and two tangential were mounted 900mm 
apart from the tank attachment axis. APD, a circular deck 
with inner diameter(ID) as central cylinder outer diameter 
(OD), can be prepared separately and attach at the bottom of 
the central cylinder. Detailed construction assembly is shown 
in figure-4. 


Figure 4: Concept-1, (a) VIM configuration top view showing tankages, 
IOON thrusters, APD and ISP location, (b) Isometric view of module 
showing radial and tangential thrusters, (c) cut section view. 


ii) Conceptual Design-2 

FS ring was replaced with metallic sandwich structure with 
extended length and central cylinder was increased by 0.4m 
to accommodate tankages centrally. Vertical ribs became 
rectangular which could be used to carry Quad Packs (QP) 
and ISP could be positioned on APD itself. A detailed system 
and sub-system configuration was shown in figure 5 and 6. 


Figure 5: Concept-2, (a) VIM configuration top view showing tankages, 

thruster blocks, APD, ISP and quad-pack location, (b) Isometric view of 

module showing tankages, axial, tangential and radial thrusters, (c) cut 
section view. 


iii) Conceptual Design-3 

This concept was derived from concept-1 with additional 
modifications. Propulsion deck along with tankages were 
positioned outside the central cylinder with 4x50N thrusters. 
Thrust block module size was reduced with tangential and 
axial thrusters. Details of the concept is shown in figure 7 
and 8. 
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Figure 6: VIM sub-assembly modules, sub-assembly 1: structural 
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members exploded view, sub-assembly 2: thrust block assembly with SON 
thruster, sub-assembly 3: propulsion deck with 1OON thruster and tanks 
mounted one above the other, 4: inertial system package mounted on 
avionics package deck. 


Figure 7: Concept-3, (a) VIM configuration top view showing tankages, 

thruster blocks, APD, ISP and quad-pack location, (b) Isometric view of 

module showing tankages, axial, tangential and radial thrusters, (c) cut 
section view. 
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Figure 8: sub-assembly 1: Propulsion deck with SON thruster 2: thrust 
block assembly with 50N thruster, sub-assembly 3: avionics package deck 
4: structure. 


VI. FUNCTIONAL / PERFORMANCE ANALYSIS 


Once the conceptual design is finalized, according to system 
engineering a functional analysis should be conducted, 


before systems’ detailed design. By definition [1], the 
functional analysis is a process, which is translating the 
subsystems’ requirements into detailed design criteria. 


Since the conceptual designs have been developed a brief 
functional analysis, to validate the design in conceptual 
phase itself, has been carried out. This modular concept of 
VTM meets all the interface requirement as to provide 
separation interfaces on the FS ring, Satellite interface at the 
central cylinder top end, ISP deck either on the FS ring or 
APD deck, thrust block on the FS ring and APD attachment 
on the outer diameter of central cylinder. APD can be 
positioned anywhere along the OD of the central cylinder 
and electrical harnessing can be routed along the vertical ribs 
and central cylinder support. 

Propulsion module can be positioned either within the central 
cylinder of the structure or outside. It has provision to 
accommodate 1OON as well as 50N thrusters. Plumbing lines 
can be supported on the vertical ribs, central cylinder and FS 
ring of the structure. Reverse flow and heating of the APD 
while engine thrusting can be avoided by using the full deck 
of that quadrant. Sub-assembly modules are configured in 
such a way that cg and MI should be minimum possible to 
minimize the control system requirements. Modules are 
independent to each other and has flexibility to assemble 
anywhere to redistribute the cg and MI. 


VII. SYSTEM TRADE-OFF ANALYSIS 


Various conceptual designs are evolved, and it is very 
important to select, which is suitable for realization, cost, 
time, ease of fabrication and assembly etc. One of the system 
engineering requirements is flexibility to growth should be 
addressed in the conceptual design phase itself. So, a trade- 
off is mandatory in any system development, because any 
selected configuration would not meet all the requirements 
and also may not be realizable. Even though the above 
mentioned conceptual designs meet the requirements, each 
configuration has its own advantages and disadvantages. 


To mention few, in the design-1, i) Satellite protrusion below 
the launch vehicle interface, like spacecraft engine nozzle, 
package/sensor etc., can’t be accommodated as both the 
tanks were positioned inside the central cylinder. ii) 
Conceptually the design is very modular, but in extreme 
case, if any electronic package needs to be replaced, it would 
be difficult. iii) Development of new thrusters (100N) are a 
highly complex activity, which requires huge investments for 
development and testing. 

Concept-2 is the best choice as far as controllability study is 
concerned, but this choice calls for additional vehicle length 
increase as well as eating the satellite envelop inside the 
payload fairing. Satellite protrusion below launch vehicle 
interface, APD package replacement and 100N thruster 
development problems would be existing in _ this 
configuration as well. 

Concept-3 would not be called as best choice for 
controllability, however it could accommodate the satellite 
protrusions below launch vehicle interface, APD was 
brought near the mid-section of central cylinder for better 


accessibility and for cg and MI balancing positioned in the 
remaining 240° around the central cylinder. Only 50N 
thrusters were used which could reduce time and money 
required for the development of 100N thruster. 

With the trade-off analysis it was clear that concept-3 was 
the best among all and it could be further taken up for the 
detailed designing. 


VII. PRELIMINARY STRUCTURAL DESIGN OF VTM 


Preliminary design of the VTM structure was done for the 
static, buckling and modal analysis to have the structural 
design margin with metallic sandwich. and Carbon Fiber 
Reinforced Plastic (CFRP) materials. 


i) Model Definitions 

VTM structure consist of FS ring of diameter 2m, six vertical 
ribs connected between central cylinder and FS ring, four 
APD deck plates connected to the outer shell of central 
cylinder and two propulsion deck plates mounted between 
central cylinder and FS ring at the aft end. Mid-section shell 
model was made, connecting using multipoint 
constraints(mpc) at the junction locations. 


ii) Material Properties 


TABLEI 
MATERIAL PROPERTIES 

Component | Metallic Sandwich CFRP 

Young’s | Poisson’s | Young’s | Poisson’s 

Modulus | Ratio Modulus | Ratio 

(GPa) (GPa) 
FS Ring 70 0.3 70 0.3 
Vertical 15mm honeycomb Ribs: (90/45/45) sym. 
Ribs, APD with 0.5mm face sheet 
deck 70 0.3 135 0.3 
Central 15mm honeycomb 0.6mm(90/60/60)sym. 
Cylinder with 0.5mm face sheet 

70 0.3 135 0.3 
Propulsion 15mm honeycomb Metallic Sandwich 
Deck with 0.5mm face sheet 

70 0.3 


iii) Loading and Boundary conditions 

Aft end of the FS ring was fixed for all the degrees of 
freedom, however equivalent axial load, including payload 
fairing and aero load was applied to the fore end of the FS 
ring and equivalent axial load corresponding to 550kg of 
upper stage was applied at the fore end of the central cylinder 
are shown in figure 9. 


iv) Results 
TABLE II 
COMPARISON OF THE RESULTS 


Analysis | Parameter Metallic CFRP 


Sandwich 
Static Von-mises Stress (MPa) | 454 144 
(localized) 
Buckling | Buckling Margin 1.875 1.88 


Modal Natural Frequency(Hz) 19.75 19.40 


Figure 9: VTM structure shell model with all the boundary conditions 


v) Discussion 

Preliminary design analysis shows high stress value for the 
metallic sandwich but is localized at the joining location of 
vertical ribs and FS ring. This stress would further reduce in 
detailed analysis with L-clamps and fasteners. Buckling first 
mode exist on the FS ring with sufficiently high margin. The 
first mode natural frequency is almost similar for metallic as 
well as CFRP, however the CFRP cost is one order higher 
than the metallic sandwich. Hence, metallic sandwich would 
be preferred choice in terms of cost as well as least 
fabrication time. 


IX. DETAILED DESIGN 


Preliminary design further narrowed down the approach and 
almost finalized the design configuration. A detailed design 
would bring out all the detailing of the models like, umbilical 
and tangential thrusters cut-outs on the FS ring, APD 
packages mass and harnessing routing cut-outs and 
propulsion module tankages and plumbing lines cut-out etc. 


X. CONCLUSION 


Conceptual system engineering approach was successfully 
employed and conceived compact, modular, integration 
friendly configuration of a velocity trimming module. 
Various configurations were studied and Design-3 is best 
suited based on trade off analysis and a closure fulfilment of 
functional requirements. Preliminary structural design of 
Design-3 was done with metallic honeycomb material and 
static, buckling and modal analyses are presented. 
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